Graphite, a precursor in producing graphene by exfoliation, exists at large scale in polycrystalline form only. Tilt grain boundaries in graphite have been extensively investigated over the past twenty years.
Graphite, a precursor in producing graphene by exfoliation, exists at large scale in polycrystalline form only. Tilt grain boundaries in graphite have been extensively investigated over the past twenty years. 4−8 Epitaxial growth of graphene on a variety of substrates is envisaged to become a primary route towards industrial scale production of graphene-based electronic devices. Again, substrate imperfections and kinetic factors of the growth process inevitably result in grain boundary defects (for examples see Refs.
9−12). On the other hand, controlled manufacturing of structurally well-defined line defects in epitaxial graphene has been demonstrated very recently. 13 Scanning probe microscopy studies showed that such one-dimensional defects introduce pronounced perturbation into the electronic structure. [7] [8] 13 Importantly, grain boundaries in graphene appear as well-ordered periodic structures with typical periodicities of 1−5 nm. This suggests that crystal momentum conservation would play a crucial role in the transmission of charge carriers across these topological defects.
In two-dimensional (2D) materials such as graphene, grain boundaries are the one-dimensional (1D) interfaces between two domains of material with different crystallographic orientations. The structure of grain boundaries is defined by θ L and θ R , the angles between the corresponding crystallographic directions in the two domains and the normal of the boundary line (see Fig. 1a .). In our consideration, we adopt an approximation which models grain boundaries as periodic arrays of dislocations. 14, 15 Their periodicity is defined by the commensurability condition, either exact or close matching, of two translation vectors (n L , m L ) and (n R , m R ) belonging to the left and right crystalline domains, respectively, and oriented along the boundary line. This construction is illustrated on a representative example of a grain boundary structure shown in Figure 1a . The repeat vector d of this model structure is defined by the (5, 3) and (7,0) matching vectors; the length of both vectors is d (n,m) = |n 1 a +m 2 a | = of the periodic boundary, is made by folding momentum space along the lines k || = (2n+1)π/d (n ∈  ) and projecting the states on the 1D mini-BZ, as illustrated in Figure   2a . Such geometric construction is similar to the one used for explaining the `multipleof-3' trends in the electronic structure of carbon nanotubes. 17, 18 Two cases are possible:
If n -m = 3q (q ∈  ), both Dirac points K and K' are intersected by the solid lines defined by k || = 2nπ/d (n ∈  ), and, hence, are mapped onto the Γ point (k || = 0) in the 1D mini-BZ (Fig. 2b) . Otherwise, the distance to the closest solid line is ∆k || = 2π/(3d), i.e., the two Dirac points are folded separately onto k || = -2π/(3d) and k || = 2π/(3d). If both matching vectors (n L , m L ) and (n R , m R ) correspond to the same case, either n -m = 3q or n -m ≠ 3q, no suppression of transmission by mismatch of k || (selection by momentum) takes place. For a conductance channel with given k || and E on one side of grain boundary, there always exists a channel characterized by the same momentum and energy on the other side (Fig. 2c) . Below, these two situations will be referred to as class Ia and class Ib grain boundaries, respectively. However, in the case with n L -m L = 3q and n R -m R ≠ 3q' (or n L -m L ≠ 3q and n R -m R = 3q'; q,q' ∈  ), there is significant misalignment of the allowed momentum-energy manifolds corresponding to the two crystalline domains of graphene. Such periodic grain boundary structures (class II) are characterized by a transport gap The symmetric grain boundary shown in Figure 3a is defined by a pair of (2,1) matching vectors and, thus, it belongs to class Ib according to the above proposed scheme. This grain boundary structure is characterized by a very low formation energy of 3.4 eV/nm and by the smallest possible periodicity (0.65 nm) of all stress-free structures. 16 Such a structural motif has been proposed in the context of scanning tunnelling microscopy studies of grain boundaries in graphite. 6, 20 The calculated electronic transmission as a function of transverse momentum and energy ( Fig. 3b) agrees closely with the qualitative picture provided by the momentum conservation rule.
Despite a high concentration of dislocations, such a structure is highly transparent with respect to charge carriers in a broad range of energies. The predicted total transmission probability through the grain boundary is ~0.8 for low-energy carriers, with values being slightly larger for the holes (Fig. 3c ).
An example of a class II asymmetric grain boundary, formed by the (5,0) and 
23-25
While traditional electronics relies on tailoring potential energy profiles, the proposed approach exploits momentum mismatch as an instrument for controlling transport in graphene. However, the structural quality of grain boundaries is expected to be of crucial importance. We stress that the presence of periodicity-breaking disorder would inevitably introduce some leakage current in the predicted transport gap. However, we find that moderate amount randomly distributed short-range charge defects leads to only low conductance in the transport gap. In particular, our simulations of a model field effect transistor (FET) based on a reflecting grain boundary discussed above show that on/off current ratios above 1000 are achieved already at a concentration of short-range charge defects of 0.1 nm 
Methods
First-principles calculations have been performed using the density functional theory (DFT) approach implemented in the SIESTA code.
27
The generalized gradient approximation (GGA) exchange-correlation density functional 28 was used together with a double-ζ plus polarization basis set, norm-conserving pseudopotentials 29 and a mesh cutoff of 200 Ry. The 2D periodic computational models included two parallel equally spaced grain boundaries in a rectangular simulation supercell as described in Ref. 16 .
Both atomic coordinates and supercell dimensions were optimized using the conjugategradient algorithm and a 0.04 eV/Å maximum force convergence criterion. The electronic transport properties of the grain boundaries in graphene were calculated using the nonequilibrium Green's function formalism implemented in the TRANSIESTA code.
30
The quantum transmission was calculated in the zero-bias regime by including self-energies for the coupling of a 2 nm wide scattering region to the semi-infinite graphene leads. The length of translational vector (n, m) = n a 1 +m a 2 on the hexagonal lattice of graphene
where a 0 = 0.246 nm is the length of unit vectors a 1,2 . Since (
+ 3nm, the following relation holds:
That is, for class II grain boundaries characterized by n L − m L = 3q and
is never satisfied. In other words, a finite lattice mismatch ∆d
is always present in the periodic class II grain boundary structures.
Similarly to bulk 3D materials, in the case of 2D membranes constrained to plane such lattice mismatch leads to residual tensile and compressive strain fields as one moves away from the interface in the right and left domains, respectively. The residual elastic energy per unit area of membrane converges to
where Y ∼ 1 TPa [S1] is the Young's modulus and x = ∆d/(2d) ( x = −∆d/(2d)) is the in-plane strain in the left (right) domain. Such behavior would 'penalize' lattice mismatched grain boundaries making them less abundant in polycrystalline samples or difficult to produce on purpose.
However, free-standing or weakly bound 2D membranes behave in a remarkably different way [S2-S5] . In this case, the in-plane compressive strain is efficiently relieved by the out-ofplane deformation as schematically illustrated in Figure S1a . If one assumes that in-plane strain in the right domain is fully relieved by developing periodic ripples which are described by the out-of-plane displacement
characterized by wavelength λ and amplitude
then, the average bending energy per unit area of such rippled domain is
where κ ∼ 1 eV [S6,S7] is the bending rigidity of graphene. Average bending energy E b can assume arbitrarily small values in the long-wavelength regime. An intuitive physical picture of this phenomenon is the screening of in-plane elastic fields by the out-of-plane deformation.
Thus, the formation energies of the grain boundaries in graphene characterized by reasonably small lattice mismatches are expected to be comparable to the lattice-matched ones.
Below, we further discuss bicrystallographic properties of grain boundaries in graphene.
The 'treasure map' diagram shown in Figure S1b In order to study the effect of disorder onto the conductance of class II grain boundaries we carry out quantum transport calculations with impurities randomly distributed in a model with supercell dimension many times larger than the grain boundary periodicity. Systematic first-principles transport calculations on such extended models cannot be performed due to their computational cost. To overcome this limitation we investigate transport properties of large models within an approach based on the tight-binding model Hamiltonian
where c i (c † i ) annihilates (creates) an electron at site i and i, j stands for pairs of nearestneighbor atoms. The hopping integral t = 2.66 eV is assumed to be constant. Transmission as a function of momentum k || and energy E
is evaluated from the Green's function of the grain boundary scattering region
and the coupling matrices . The impurities are introduced into the scattering region
Hamiltonian through
where an on-site impurity potential i = −0.1t is assumed in the present calculations. is shown in Figure S3a (solid lines). The presence of disorder induces weak conductance in the transport gap around E = 0.1t. The effect of disorder on conductance is very small outside the transport gap.
We further investigate the effect of disorder onto the on/off current ratios in a model ).
